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The perception of emotional cues from voice and face is essential for social interaction.
However, this process is altered in various psychiatric conditions along with impaired
social functioning. Emotion communication trainings have been demonstrated to
improve social interaction in healthy individuals and to reduce emotional communication
deficits in psychiatric patients. Here, we investigated the impact of a non-verbal
emotion communication training (NECT) on cerebral activation and brain structure in a
controlled and combined functional magnetic resonance imaging (fMRI) and voxel-based
morphometry study. NECT-specific reductions in brain activity occurred in a distributed set
of brain regions including face and voice processing regions as well as emotion processing-
and motor-related regions presumably reflecting training-induced familiarization with
the evaluation of face/voice stimuli. Training-induced changes in non-verbal emotion
sensitivity at the behavioral level and the respective cerebral activation patterns were
correlated in the face-selective cortical areas in the posterior superior temporal sulcus
and fusiform gyrus for valence ratings and in the temporal pole, lateral prefrontal cortex
and midbrain/thalamus for the response times. A NECT-induced increase in gray matter
(GM) volume was observed in the fusiform face area. Thus, NECT induces both functional
and structural plasticity in the face processing system as well as functional plasticity in
the emotion perception and evaluation system. We propose that functional alterations
are presumably related to changes in sensory tuning in the decoding of emotional
expressions. Taken together, these findings highlight that the present experimental
design may serve as a valuable tool to investigate the altered behavioral and neuronal
processing of emotional cues in psychiatric disorders as well as the impact of therapeutic
interventions on brain function and structure.
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INTRODUCTION
Perception and correct interpretation of non-verbal emotional
cues from voice and face is essential for intact social interaction
and social functioning. Typically, this ability is acquired during
childhood and youth in a rather implicit manner as a part of our
upbringing. Nevertheless, these perceptive skills can be trained
explicitly. It has been shown that such training in healthy indi-
viduals improves both their confidence and their decoding per-
formance (Constanzo, 1992), their social and interpersonal skills
(Matsumoto and Hwang, 2011) and heightens their non-verbal
perceptiveness and sensitivity (Klinzing and Jackson, 1987).
The processing of non-verbal emotional signals has been
found to be altered in different psychiatric conditions includ-
ing depression, anxiety disorders, bipolar disorder, schizophrenia,
psychopathy, and borderline personality disorder (e.g., Domes
et al., 2009; Demenescu et al., 2010; Kohler et al., 2010, 2011;
Dawel et al., 2012; Samame et al., 2012). Consequentially, emo-
tion perception trainings may also appear as a means to reduce
this deficit and improve social communication and function-
ing in psychiatric patients. In this regard, structured behavioral
trainings have been found to be effective in ameliorating facial
emotion recognition and social functioning in schizophrenia
(Kurtz and Richardson, 2012). However, much less is known
about the neural bases of such emotional communication train-
ings, both in healthy individuals and psychiatric patients. While
a recent functional magnetic resonance imaging (fMRI) study in
schizophrenic patients described alterations in cerebral activation
patterns following a facial affect recognition training (Habel et al.,
2010), in healthy individuals, to our knowledge, no study describ-
ing the neuronal effects of an emotion communication training
has been published to date.
Using fMRI in healthy individuals, it was demonstrated that
the processing of non-verbal emotional facial and vocal cues (i.e.,
facial expressions and tone of voice) is associated with increased
activation of sensory cortices specialized for the processing of
human (emotional) voices (e.g., Belin et al., 2000; Wildgruber
et al., 2006; Ethofer et al., 2012) and faces (e.g., Kanwisher et al.,
1997; Posamentier and Abdi, 2003), and limbic brain areas (e.g.,
Posamentier and Abdi, 2003; Wildgruber et al., 2006; Brück et al.,
2011b). The combined perception and integration of these signals
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is associated with a further increase in activation in the posterior
temporal sulcus (pSTS), thalamus, the face processing area in the
fusiform gyrus (FFA) and the amygdala (e.g., Pourtois et al., 2005;
Kreifelts et al., 2007, 2009, 2010; Robins et al., 2009; Klasen et al.,
2011, for a review see Klasen et al., 2012). Irrespective of the sen-
sory modality of non-verbal cue presentation, lateral prefrontal
and supplementary motor cortices are engaged in the evaluation
of these signals and response selection (e.g., Schirmer and Kotz,
2006; Brück et al., 2011b; Ethofer et al., 2013).
In the present study, it was our goal to determine the effects
of a non-verbal emotional communication training (NECT) on
the neuronal processing of non-verbal cues from voice and face in
healthy individuals as a feasibility study for further investigations
in patients with psychiatric conditions.
To this end, healthy participants either received a four-week
NECT or an equally intensive but essentially non-communicative
training in Sudoku as control condition. The NECT took place
as group training with the central training elements revolving
around a board game complemented by non-verbal exercises.
Sudoku, in contrast, is a popular Japanese pastime in form of
number riddles to be solved by pure logic. Before and after the
training interval, the participants took part in three fMRI experi-
ments: During the first experiment the participants had to judge
the valence of short video sequences portraying faces speaking
short sentence with varying (happy, neutral, angry) vocal and
facial expressions. Valence ratings and cerebral responses were
treated as outcome variables. The additional two fMRI experi-
ments were standard localizer experiments to identify voice- and
face-selective brain regions.
First, behavioral and cerebral data were analyzed within the
framework of an analysis of variance (ANOVA) with the fac-
tors time point [before (T0) vs. after (T1) training], training
type (NECT vs. SUDOKU) and non-verbal emotion (emotional
vs. neutral cues). Both general and emotion-specific effects were
assessed.
With regard to the training outcome, we expected that cere-
bral effects of NECT would occur foremost in those brain areas
involved in the processing of non-verbal emotional signals as well
as in face- and voice-selective cortices.
Secondly, as it has been shown that certain personality factors
such as neuroticism, on the one hand, influence the processing
of non-verbal emotional signals (e.g., Stein et al., 2007; Cremers
et al., 2010; Suslow et al., 2010; Brück et al., 2011a; Kehoe et al.,
2012), and on the other hand, are associated with an increased
risk to develop a psychiatric condition (e.g., the association of
neuroticism and depression and anxiety; Brandes and Bienvenu,
2006; Klein et al., 2011), we investigated if personality factors
modulate the behavioral or cerebral effects of NECT. To this
end, the NEO-Five Factor Inventory (NEO-FFI; Borkenau and
Ostendorf, 2008) capturing the personality factors neuroticism,
extraversion, openness to experience, agreeableness and consci-
entiousness was completed by all participants. The individual
personality ratings were then used as explanatory covariates for
observed NECT effects.
Thirdly, NECT-associated changes in the behavioral and cere-
bral sensitivity to non-verbal emotional cues were correlated to
identify behaviorally relevant cerebral correlates of NECT.
Finally, cerebral correlates of training have not only been
observed on the functional but also on the structural level (e.g.,
Draganski et al., 2004). Therefore, we further tested if NECT
increased gray matter (GM) volume in face- and voice-selective
cortices and other brain regions with NECT-induced changes in
their neuronal responses.
MATERIALS AND METHODS
PARTICIPANTS
Sixteen healthy and right-handed (Edinburgh Handedness
Inventory; Oldfield, 1971) individuals were initially included
into the study. None of the participants reported any current
or past substance abuse problems, neurological or psychiatric
illnesses, nor indicated any hearing difficulties or uncorrected
vision impairments. Moreover, none of the participants reported
to be taking any medication. Of the 16 participants, eight were
randomized to the NECT group [4 females; mean age = 24.88
years, standard deviation (SD) = ± 1.89 years] and eight were
randomized to the SUDOKU training group. Of these eight, two
participants had to be excluded from the study (i.e., one partici-
pant did not attend the training and one had to be excluded due
to a structural cerebral anomaly). Thus, six individuals remained
in the Sudoku training group (2 females; mean age = 25.33
years, SD = ± 1.51 years) and 14 individuals (6 females; mean
age = 25.07 years, SD = ±1.69 years) were included in the
analyses.
At the beginning of the study all participants completed the
German version of the NEO-FFI (Borkenau and Ostendorf, 2008)
based on the works of Costa and McCrae. The NEO-FFI is a
multidimensional self-report personality inventory with 60 items
which assesses the following five personality factors: neuroticism
(N), extraversion (E), openness (O) to experience, agreeableness
(A), and conscientiousness (C). The NECT group scored as fol-
lows (mean ± SD): N: 1.21 ± 0.33; E: 2.57 ± 0.31; O: 2.68 ±
0.22; A: 2.55 ± 0.71; C: 2.47 ± 0.5. The results of the SUDOKU
group were: N: 1.74 ± 0.71; E: 2.33 ± 0.43; O: 2.82 ± 0.39; A:
2.67 ± 0.4; C: 2.44 ± 0.32.
ETHICS STATEMENT
The study was performed according to the principles of the
Code of Ethics of the World Medical Association (Declaration
of Helsinki), and with the approval of the ethics review board of
the University of Tübingen. Before inclusion in the study, all par-
ticipants gave written informed consent. The participants were
monetarily compensated for the study participation.
STIMULUS MATERIAL, TASKS, AND PROCEDURE
The stimulus material comprised a set of 120 video films of
10 professional actors (5 females) speaking short sentences. The
stimuli contained verbal (i.e., six short German sentences with
self-referential content) as well as non-verbal information (i.e.,
facial expression and tone of voice) about the emotional states
of the respective speakers. The non-verbal expressions differed in
their valence: One third (40) of the video sequences portrayed an
angry expression, one third a happy expression and one third an
emotionally neutral expression. The stimulus material was bal-
anced with respect to the valence of verbal stimulus content which
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included negative, positive and neutral sentences. The stimuli had
a mean duration of 1459ms (SD = 317ms). For further details
on stimulus production, editing, validation and selection please
refer to Jacob et al. (2013).
The software Presentation (Neurobehavioral Systems Inc.,
Albany, CA, USA) was used for the experiment. Video films were
back-projected onto a screen in the scanner bore about 50 cm
behind the participant’s head. The participants viewed the screen
through a mirror systemmounted on the head coil. Magnetic res-
onance compatible headphones (Sennheiser electronic GmbH &
Co. KG, Wedemark-Wennebostel, Germany; in-house modified)
were used for sound transmission.
The 120 video films used for the study were divided into two
equal blocks balanced for non-verbal and verbal stimulus valence
as well as the gender of the speaker. The order of stimulus pre-
sentation was randomized within blocks, and the sequence of
the two stimulus blocks was balanced across participants. In each
block 10 null events each with a duration of 10 s were randomly
inserted in the stimulus sequence. The stimulus blocks were pre-
sented within separate imaging runs. Stimulus onset was jittered
relative to scan onset in steps of 1/4 repetition time (TR). It was
the participant’s task to judge the emotional state of the speaker
on a 4-point valence scale (“−−” = highly negative, “−” = neg-
ative, “+” = positive, “++” = highly positive) as precisely and
as fast as possible. A horizontally flipped scale was used for half
of the participants. The participants’ responses were transmitted
through button presses on a four-buttons fiber optic response
pad (LUMItouch, Photon Control Inc., Burnaby, BC, Canada).
The response window was set to 5 s in duration and was time-
locked to the onset of the videos. After the offset of the videos,
the 4-point valence scale was presented. The participants were
acquainted with the experimental setting through a short training
session outside the scanner. The stimuli employed in the train-
ing session were not part of the stimulus set used in the main
experiment.
After the main experiment two standard functional local-
izer experiments were run to identify face- and voice-selective
brain regions. The face localizer was adapted from previous stud-
ies on face processing (Kanwisher et al., 1997; Epstein et al.,
1999) and included pictures from four different categories (faces,
houses, objects, and natural scenes) presented using a block-
design. The voice localizer data were acquired using a block design
experiment validated in previous research (Belin et al., 2000;
Kreifelts et al., 2009). The employed stimuli included human
voices (e.g., speech, sighs, laughs), animal sounds (cries of vari-
ous animals), and environmental sounds (e.g., doors, telephones,
cars). For details on the localizer experiments see Kreifelts et al.
(2010).
All participants took part in the fMRI experiments once before
the training (T0) and once after training (T1). Randomization to
the different types of training took place directly after the first
measurement session before analyzing any data.
NON-VERBAL EMOTION COMMUNICATION TRAINING (NECT)
NECT is a four-week group training program (18 days, 1 h
per day) consisting of a game, theoretical discussions and
supplementary exercises held in a group setting with eight
participants.
Non-verbal communication game
The central part of the training was a non-verbal communication
game in the form of a board game. Playing the game involves
extensive practice expressing emotions as well as understanding
emotions as the players take turns expressing emotions and per-
ceiving emotions in the other players. The basic rules can be
summarized as follows: Sentence cards (i.e., cards, each display-
ing a single sentence) are put face down on their allotted space on
the board. Emotion cards (i.e., cards, each displaying an emotion
label) are placed in the middle of the board. Six Emotion cards are
then put face up on their allotted spaces on the board numbered
from 1 to 6. Each player team chooses one of six tokens to rep-
resent their position on the board. Each team also receives a set
of Number cards ranging from 1 to 6. The team that was chosen
to start draws one of their six Number cards referring to one of
the six Emotion cards. Each of the two players within a team has
to draw a Sentence card and read the sentence in the respective
emotional tone of voice and with an appropriate facial expres-
sion. The other teams have to guess which emotion was conveyed
by the tone of voice and the facial expression. In the first round,
each team is allowed to discuss their decision in a non-verbal
manner (i.e., by pointing to the respective number cards refer-
ring to the different emotions). Once all quiz teams have come
to a decision, they show their cards simultaneously. In case of a
correct answer, the respective quiz team is allowed to move their
token one step in the direction of the goal. The team which per-
formed the emotional expressions is allowed to move their token
in the direction of the goal for the number of spaces indicated by
the number of correct answers by the other teams based on their
performance. In the second round, the procedure is similar, but
each team is given two sets of Number cards, one for each team
player. Now, each quiz team is allowed to silently discuss their
decision, however not by pointing to the cards but by usingmeans
of non-verbal communication (e.g., by using facial expressions or
gestures of the respective emotion). The quiz teams are allowed
to move their token in the direction of the goal one step in case
of correct AND matching answers. In the third round, the quiz
teams are not allowed to communicate within the teams. Each
team player has to make her/his own decision. The quiz team is
allowed to move their token in the direction of the goal one step
in case of correct AND matching answers. To diversify the game
and increase its training effect, some modifications were made
during the course of the training (e.g., to avoid imitations and
to broaden the range of expressions, one of the two acting players
had to wait outside the room until his/her teammate has finished
his/her performance).
Non-verbal communication—supplementary exercises
The supplementary exercises were based on a playful approach
to improve non-verbal communication skills. Exercises were pro-
vided by a book written by Funcke (2006) describing different
exercises training the ability to express and perceive non-verbal
emotional signals. The following exercises were part of the
training:
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a. Körpersprachespiel (i.e., game of body language; pages
203–204)
b. Der Ton macht die Musik (i.e., it is not what you say, it is the
way you say it; pages 139–140)
c. Mimische Kette (i.e., chain of facial expressions; pages
169–170)
d. Audienz beim Papst (i.e., audience with the pope; pages
187–188)
e. Menschen-Memory (i.e., human memory game; pages 59–60)
f. Aus der Zeitung lesen (i.e., reading from the newspaper; pages
137–138)
g. Briefe lesen (i.e., reading letters; pages 189–190)
h. Texte rezitieren (i.e., reciting texts; pages 127–130)
Non-verbal communication—theory
Short theory units aimed at sensitizing the participants for non-
verbal cues in daily life were an additional part of the training.
Participants were encouraged to discuss their own attention to
non-verbal signals in daily life (e.g., facial expressions, gestures,
tone of voice) depending on the social context.
SUDOKU TRAINING
Sudoku (Japanese su˙doku, short for su˙ji wa dokushin ni kagiru,
meaning “the numerals must remain single”) is a Japanese pas-
time where numbers have to be filled into a grid following certain
rules. Typically, the grid has the width and the height of nine
fields each resulting in an overall number of 81 fields. Some of
the fields are prefilled with numbers ranging from 1 to 9. The
player has to fill in the remaining fields adhering to the follow-
ing rules: Every number between 1 and 9 has to be filled in exactly
once in each row and each column of the grid. Moreover, each
of these numbers has to appear exactly once in each of the nine
3-by-3 sub-grids of the main grid. The solution of each Sudoku
puzzle can be found by logically applying the rules of the game.
The difficulty is defined by the amount of prefilled fields and the
numbers already given.
The SUDOKU training consisted of a four-week training pro-
gram (19 days, 1 h per day). Participants were seated at single
desks oriented in the same direction of view. Each participant
received a pencil, several sheets of scratch papers and a copy of
a Sudoku book (Rossa, 2009). This book includes different types
of Sudoku puzzles and the degree of difficulty ranges from very
easy (first chapter) to difficult (last chapter). Participants were
instructed to solve the Sudoku puzzles one at a time. Participants
were allowed to use the scratch papers to make notes, but the use
of any other aids as well as talking to each other or copying from
each other was prohibited. The training was monitored contin-
uously by the examiner. Subsequent to each training session, the
solved Sudoku puzzles were checked and errors were marked. In
the following training session, Sudoku puzzles with errors had to
be repeated before a new one could be started.
IMAGE ACQUISITION
High resolution structural T1-weighted images [176 slices, slice
thickness 1mm, no gap, TR = 2300ms, echo time (TE) =
2.96ms, time to inversion (TI) = 1100ms, voxel size: 1 × 1 ×
1mm3, field of view (FoV) = 256 × 256mm2, magnetization
prepared rapid acquisition gradient echo (MPRAGE) sequence]
and functional images [30 axial slices acquired in an interleaved
descending order, slice thickness 4mm + 1mm gap, TR = 1.7 s,
TE = 30ms, voxel size: 3 × 3× 5mm3, FoV = 192 × 192mm2,
echo-planar imaging (EPI) sequence] were recorded with a 3 T
scanner (Siemens TIM TRIO, Erlangen, Germany). A field map
[36 slices, slice thickness 3mm + 1mm gap, TR = 400ms, TE(1)
= 5.19ms, TE(2) = 7.65ms, voxel size: 3 × 3× 4mm3] was
acquired to correct for image distortions.
ANALYSIS OF BEHAVIORAL DATA
Valence ratings and response times were treated as behavioral out-
come variables. First, the valence ratings were transformed from
symbolic to numerical values (−− = 1,− = 2,+ = 3,++ = 4).
Then mean absolute valence ratings for neutral and emotional
(i.e., positive and negative) non-verbal cues were calculated on
the above arbitrary scale where a value of 2.5 indicates “neu-
tral” valence. These absolute valence ratings and the response
times were then analyzed using IBM SPSS Statistics Version 19
(IBMCorp., Armonk, NY, USA) within the framework of a three-
factorial ANOVA for repeated measure with non-verbal emotion
(emotional, neutral) and time point (T0, T1) as within-subject
factors and training type (NECT, SUDOKU) as between-subject
factor. To clarify potential interactions between the participants’
personality and the experimental factors, additional ANOVAs
with the separate NEO-FFI personality factors as covariates were
performed. For the correlation of individual training-associated
changes in the behavioral sensitivity to non-verbal emotional cues
with the respective cerebral activation patterns, the interaction
term T0[EMO − NEU] − T1[EMO − NEU] was calculated from
the valence ratings as well as from the response times of each
participant.
ANALYSIS OF fMRI DATA
Imaging data were analyzed with statistical parametric map-
ping software (SPM5, Wellcome Department of Imaging
Neuroscience, London, UK). Preprocessing of the images com-
prised realignment, unwarping to correct for field distortions and
to remove residual movement-related variance due to interactions
between motion and field distortions (Andersson et al., 2001),
coregistration with the anatomical data, normalization into MNI
space (Montreal Neurological Institute, resampled voxel size: 3 ×
3 × 3mm3), and smoothing with a Gaussian filter [8mm full
width at half maximum (FWHM)]. The first five EPI images were
discarded to exclude measurements preceding T1 equilibrium.
Responses to the stimuli of the main experiment were mod-
eled separately for each trial as event-related responses employing
a stick function time-locked to stimulus onset convolved with the
hemodynamic responses function (HRF). For the face and voice
localizer experiments, responses to the single categories (faces,
houses, objects, and scenes in the face localizer and human voices,
animal sounds, and environmental sounds in the voice localizer)
were separately modeled using a box-car function corresponding
to the duration of the respective blocks of stimuli convolved with
the HRF. A high-pass filter with a cut-off frequency of 1/128Hz
was applied to reduce low-frequency components in the data.
Serial autocorrelations within the data were accounted for by
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modeling the error term as an autoregressive process (Friston
et al., 2002).
For the main experiment and the localizer experiments,
data from the individual first-level general linear models were
employed to create contrast images for each subject. These were
then submitted to a second-level random-effect analysis to enable
population inference.
In the main experiment, brain regions showing stronger
responses during task performance than during rest were iden-
tified via the main contrast where all events where contrasted
against the implicit resting baseline. Brain regions exhibiting
stronger responses to non-verbal emotional stimuli (i.e., posi-
tively and negatively valenced expressions) than to non-verbal
neutral stimuli were identified via the contrast EMO > NEU.
General and emotion-specific effects of NECT
To allow inference on general training effects for the process-
ing of non-verbal expressions and differential training effects for
the processing of non-verbal emotional and neutral expressions
respectively, both of the above mentioned individual contrasts
of interest were submitted to separate two-factorial whole-brain
ANOVAs with time point (T0, T1) as within-subject factor
and training type (NECT, SUDOKU) as between-subject fac-
tor. Results of the whole-brain analyses are reported at a height
threshold of p < 0.001, uncorrected, and an extent threshold
of k = 50 voxels corresponding to p < 0.05, family wise error
(FWE) corrected for multiple comparisons across the whole-
brain at the cluster level.
The source of any observed interaction effects was determined
by applying one-sample t-tests to the mean parameter estimates
extracted from the clusters with significant interaction effects for
the contrast T0–T1 for both training types (NECT, SUDOKU).
Correlations of cerebral responses with personality (NEO-FFI)
In order to further investigate the relationship between the par-
ticipants’ personality traits and observed cerebral correlates of
NECT, the mean contrast estimates were extracted from all brain
regions with significant effects of NECT and correlated with the
five NEO-FFI factors in the NECT group. To ascertain the speci-
ficity of potential correlations, the equivalent analysis was also
performed in the SUDOKU group. All resulting p values are
reported two-tailed and were Bonferoni-corrected for the number
of NEO-FFI factors (n = 5).
Correlations of cerebral responses with NECT-associated
behavioral changes in sensitivity to non-verbal emotional cues
As final add-on analyses, NECT-specific linear relationship of
changes in the behavioral correlates of sensitivity to non-verbal
emotional cues [i.e., the following contrast in valence rat-
ings and response times: NECTT0[EMO−NEU]−T1[EMO−NEU] vs.
SUDOKUT0[EMO−NEU]−T1[EMO−NEU]] were tested by perform-
ing a correlation analysis between the respective behavioral and
cerebral activation contrasts at the population level. Statistical
analyses were performed with a threshold of p < 0.001, uncor-
rected, at voxel level for whole-brain analyses. Results were FWE-
corrected at cluster level (p < 0.05). A more sensitive threshold
of p < 0.01, uncorrected at voxel level, was used for regions of
interest (ROI) analyses within face- and voice-selective regions as
well as within regions with general NECT-associated changes in
cerebral activation. Here, small volume correction (SVC; Worsley
et al., 1996) for the size of the respective ROI together with
FWE correction (p < 0.05) at cluster level was applied. Observed
effects were post-hoc further investigated by extracting the mean
contrast estimates from significant clusters for both training
groups (NECT, SUDOKU) and performing separate bivariate
correlation analyses (Pearson).
Functional localizer experiments for voice- and face-selective
brain regions
For the face localizer experiment, the responses to faces were
contrasted against the responses to houses, objects, and natu-
ral scenes, while for the voice localizer experiment responses to
human voices were contrasted against animal and environmental
sounds.
Results of the whole-brain group analyses are reported at
a height threshold of p < 0.0001, uncorrected, and an extent
threshold of k = 10 voxels corresponding to p < 0.05, FWE cor-
rected for multiple comparisons across the whole-brain at the
cluster level. The strict statistical threshold at the voxel level allows
a non-overlapping localization of face- and voice-selective brain
areas. Face- and voice-selective regions were then used as ROI for
additional analyses of NECT effects with the contrasts described
above using SVC and FWE-correction.
The Automated Anatomic Labeling (AAL) toolbox imple-
mented in SPM (Tzourio-Mazoyer et al., 2002) was used for the
anatomic cluster labeling.
ANALYSIS OF STRUCTURAL MRI DATA
The goal of the voxel based morphometry analysis was to identify
brain regions with changes in GM volume associated with NECT.
The voxel based morphometry toolbox (VBM8) implemented in
the SPM8 software environment was used for the preprocessing
of the high resolution structural T1 images. Preprocessing was
performed using the VBM8 default pipeline recommended for
longitudinal data and included realignment, bias correction, seg-
mentation into GM, white matter and cerebrospinal fluid and
normalization. The voxels were resized to 1.5 × 1.5 × 1.5mm3
during preprocessing. VBM8 by default produces modulated
images. This means that the voxel values of the GM images
are multiplied by the non-linear components of the normaliza-
tion procedure thus correcting the data for individual brain sizes
before the setup of a statistical model and enabling the analysis
of relative differences in regional GM volume. The GM images
were smoothed with an 8-mm FWHM Gaussian kernel and then
analyzed within the framework of a two factorial ANOVA with
time point as within-subject factor and training type as between-
subject factor. The interaction term between time point and
training type was defined as contrast of interest. Primary ROIs
for the VBM analysis were those regions with a significant effect
of NECT at the level of cerebral activation (fMRI) and face- as
well as voice-selective brain regions. These analyses were com-
plemented with a whole-brain analysis to rule out unspecific
NECT associated structural alterations. Results are reported at
a height threshold of p < 0.001, uncorrected, and p < 0.05 with
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SVC for the respective ROI using FWE-correction at cluster level.
For the whole-brain analysis FWE-correction at cluster level was
used in the same fashion. For areas with a significant interac-
tion between time point and training type, mean GM values were
extracted and results validated by testing the time point by train-
ing type interaction term after correcting for differences in GM
volume at T0.
RESULTS
BEHAVIORAL RESPONSES
Valence ratings
The 2 × 2 × 2-factorial ANOVA revealed that emotional stim-
uli received more extreme valence ratings than neutral stimuli
[F(1, 12) = 35.6, p < 0.001; see Figure 1]. However, no significant
effects were observed for the factors time point, training type,
or the interactions between the three experimental factors [all
F(1, 12) ≤ 3.0, all p ≥ 0.11]. Additional ANOVAs with the sepa-
rate NEO-FFI personality factors as covariates did not yield any
significant interactions with any of the experimental factors [all
F(1, 12) = 1.5, all p = 0.24].
Response times
Responses to emotional stimuli were faster than to neutral stim-
uli [F(1, 12) = 38.8, p < 0.001; emotional stimuli: mean ± SEM:
1639 ± 32ms, neutral stimuli: 1800 ± 42ms]. For the remain-
ing factors time point, training type, or the interactions between
all three experimental factors no significant effects emerged [all
F(1, 12) ≤ 3.4, all p ≥ 0.09]. Furthermore, no significant interac-
tions between the NEO-FFI factors and any of the experimental
factors were observed [all F(1, 12) ≤ 4.3, all p ≥ 0.06].
CEREBRAL RESPONSES
General and emotion-specific effects of NECT
NECT-specific reductions in brain activity were revealed as an
interaction between time point and training type within the
framework of a whole-brain ANOVA in a distributed set of brain
FIGURE 1 | Behavioral responses: More extreme absolute valence
ratings for emotional than for neutral stimuli, but no systematic
influence of training type or time point on valence ratings or
respective interactions. Note: Initial rating scale: [−− − + ++]
transformed to numeric values (1–4). Neutral = 2.5; absolute valence
ratings relative to “neutral” are given for emotional stimuli.
regions including face- and voice-selective areas of the visual
and auditory cortices, STS, inferior frontal cortex, motor-related
regions and cerebellum (see Figures 2A–C; Tables 1, 2). Post-hoc
analysis of the mean parameter estimates from the clusters with
significant interaction effects revealed that the interaction was
uniformly due to a NECT-associated decrease in cerebral activa-
tion (all T ≥ 5.5, all p ≤ 0.001) while no significant change in the
cerebral activation patterns occurred in the SUDOKU group (all
T ≤ 2.2, p ≥ 0.08). An additional investigation of NECT effects
specific for emotional non-verbal signals as compared to neutral
non-verbal stimuli, framed as a second order interaction between
time point, training type and non-verbal emotional stimulus con-
tent (i.e., emotional vs. neutral), did not yield any whole-brain
significant results. Applying a more sensitive threshold of p <
0.01 uncorrected, however, demonstrated several clusters in infer-
olateral and dorsolateral regions of the prefrontal cortex as well
as the anterior and middle cingulum extending into the poste-
rior cingulum and precuneus (see Table 3). Please note that these
results are only reported for the purpose of completeness and are
purely descriptive.
Correlations of cerebral responses with personality (NEO-FFI)
There were no significant differences with regard to the separate
NEO-FFI personality factors or age between the training groups
[all abs(t(12)) ≤ 1.9, all p ≥ 0.09].
Of the five personality factors investigated, solely neuroticism
exhibited a significant linear relationship with the size of NECT-
associated decreases in cerebral activation during processing of
non-verbal cues from voice and face in three regions, namely the
right middle/posterior superior temporal gyrus (STG; r = −0.88,
p = 0.004; see Figures 2B,D), the left STS (r = −0.78, p =
0.024; see Figure 2B) and the midbrain/thalamus (r = −0.71,
p = 0.048; see Figure 2B). Only the linear relationship in the
right middle/posterior STG survived correction for the number
of personality factors tested (p = 0.018). No equivalent signifi-
cant linear relationships between the effects of SUDOKU training
and any of the personality factors were observed.
Correlations of cerebral responses with NECT-associated
behavioral changes in sensitivity to non-verbal emotional cues
Valence ratings. The ROI analysis of the voice- and face-selective
brain regions and brain regions with significant NECT-effects
revealed that the right STS face area (STS-FA; coordinates of peak
voxel: 48x, −57y, 15z; Z value of peak voxel: 3.7; cluster size:
34 voxels; see Figures 3A,B) and the right FFA (coordinates of
peak voxel: 42x, −42y, −24z; Z value of peak voxel: 3.0; clus-
ter size: 2 voxels; see Figures 3A,C,D) exhibited a positive linear
relationship between NECT-associated changes in sensitivity to
emotional non-verbal cues andNECT-associated increases in sen-
sitivity to such cues. At the whole-brain level no such relationship
was observed.
Response times. At the whole-brain level significant training spe-
cific (i.e., NECT vs. SUDOKU) associations between changes in
the behavioral emotion-sensitivity and cerebral responses were
observed in the left temporal pole and the right inferior frontal
gyrus (see Table 4 and Figure 4A). In a ROI analysis of the voice-
and face-selective brain regions and brain regions with significant
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FIGURE 2 | Brain regions with significant functional and structural
effects of NECT. fMRI: interaction of training type with time point
of measurement (red; A–C), p < 0.001, uncorrected, k > 47 voxels,
corresponding to p < 0.05, FWE corrected at cluster level.
Voice-selective areas (blue) and face-selective areas (green),
p < 0.0001, uncorrected, p < 0.05 FWE whole-brain-corrected at
cluster level. (D) Linear relationship between training-associated
changes in neural activity and neuroticism in the NECT-group in the
right mSTG. VBM: (E) interaction of training type with time point of
measurement in the right FFA (purple; C), p < 0.001, uncorrected,
p < 0.05 small-volume FWE corrected (right FFA) with a significant
increase in NECT group. ∗p < 0.05.
NECT-effects with a more sensitive voxel-wise threshold of p <
0.01, this effect was also found in the midbrain/thalamus ROI
(coordinates of peak voxel: −6x, −24y, −6z; Z value of peak
voxel: 3.9; cluster size: 65 voxels; see Figure 4B). Post-hoc anal-
yses revealed that the observed effects were uniformly driven by
the difference between a significant negative linear relationship
between the changes in the response time correlate of emotion
sensitivity T0[EMO − NEU] − T1[EMO − NEU] and its cerebral
counterpart in the SUDOKU group [r(6) ≥ 0.89, p ≤ 0.02], on
the one hand, and the reversed (i.e., positive) linear relation-
ship in the NECT group (see Figure 4C). This relationship in the
NECT group was significant in the left temporal pole [r(4) = 0.72;
p = 0.046] and non-significant in the right inferior frontal gyrus
[r(4) = 0.58, p = 0.13] and the midbrain/thalamus ROI [r(4) =
0.45, p = 0.26]. In other words, an increase in the response time
difference between non-verbal emotional and neutral cues was
accompanied by an increase in activation differences between
these types of cues in the NECT group. In the SUDOKU group,
the same behavioral pattern was associated with decreased activa-
tion differences between emotional and neutral cues.
NECT-ASSOCIATED CHANGES IN GRAY MATTER VOLUME
Only in the right FFA an interaction between time point and
training type was observed with regard to GM volume (coor-
dinates of peak voxel: 40x, −42y, −18z; Z value of peak voxel:
3.5; cluster size: 24 voxels; see Figures 2C,E). Neither in the
other face- or voice-selective areas or in the brain regions with
NECT-associated activation decreases nor at the whole-brain level
such an effect could be observed. The interaction effect in the
right FFA was driven by a significant increase in GM volume
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Table 1 | Brain areas with training (NECT) specific changes in their responses to non-verbal cues from voice and face as determined by the
whole-brain interaction analysis between time point (T0, T1) and training type (NECT, SUDOKU).
x y z Z -score (peak voxel) Cluster size (voxel)
L superior and middle temporal gyri/ L postcentral gyrus/ L
Rolandic operculum/ L supramarginal gyrus/ L Heschl’s
gyrus
[left STS]
−48 −18 6 5.3 486
R+L cerebelum/ L fusiform gyrus/ L inferior and middle
occipital gyri/ L inferior temporal gyrus
9 −78 −45 4.6 833
Midbrain/ L+R thalamus/ R+L lingual gyri/ R cerebellum/
L+R parahippocampal gyrus/ R hippocampus
[midbrain/thalamus]
6 −15 −12 4.5 359
L+R supplementary motor area/ L precentral gyrus/ L
postcentral gyrus/ L inferior parietal gyrus/ L superior and
middlefrontal gyri
−3 9 48 4.5 294
R superior and middle temporal gyri/ R Heschl’s gyrus
[right middle/posterior STG]
57 −24 3 4.3 146
L insula/ L inferior frontal gyrus, partes orbitalis and
triangularis
−27 27 −3 4.1 68
L inferior frontal gyrus, partes opercularis and triangularis/ L
precentral gyrus
−39 15 15 4.0 72
R+L cerebellum/ R fusiform gyrus 33 −48 −39 3.8 74
Activations thresholded at p < 0.001, uncorrected with a cluster size k ≥ 50, corresponding to p < 0.05, FWE corrected for multiple comparisons across the
whole-brain. Voxel size 3 × 3 × 3 mm3. The anatomical descriptions in brackets represent short descriptions of the respective clusters. The clusters are referred to
using these descriptions in the text.
Table 2 | Voice- and face-selective brain areas with training (NECT) specific changes in their responses to non-verbal cues from voice and face.
x y z Z -score (peak voxel) Cluster size (voxel)
ROI: R temporal voice area (TVA) 60 −18 −3 6.5 237
Effect of NECT within R TVA: R superior temporal gyrus 57 −24 3 4.3 41
ROI: L temporal voice area −54 −24 0 5.4 346
Effect of NECT within L TVA: L superior and middle temporal gyrus −51 −21 −3 5.0 177
ROI: R fusiform face area 42 −45 −21 5.0 45
Effect of NECT within R FFA: R fusiform gyrus 42 −51 −21 3.4 8
ROI: R STS face area 48 −39 6 5.1 272
Effect of NECT within R STS-FA: R superior and middle temporal gyrus 45 −36 12 3.8 11
Localizer experiment activations are thresholded at p < 0.0001, uncorrected, with a cluster size k ≥ 10 (face localizer) corresponding to p < 0.05, FWE corrected for
multiple comparisons across the whole-brain. Within-ROI NECT effects are thresholded at p < 0.001, uncorrected. All within-ROI cluster NECT-effects are significant
with p < 0.05, FWE corrected for multiple comparisons across the respective ROI (SVC). Voxel size 3 × 3 × 3 mm3.
in the NECT group [t(7) = 2.2, p = 0.03] while there were no
differences between the two training groups at T0 [t(12) = 1.5,
p = 0.148]. After removal of variance in GM volume at T0, the
NECT-associated increase in GM volume remained significant
[t(7) = 3.0, p = 0.005].
DISCUSSION
This is, to our knowledge, the first combined fMRI and struc-
tural cerebral imaging study, reporting the specific effects of
a four-week-long NECT in healthy individuals. Our results
afford a first view on the neuronal underpinnings of non-verbal
trainings which—implemented in various forms—have been
demonstrated to be effective in enhancing non-verbal decoding
skills and sensitivity (e.g., Klinzing and Jackson, 1987; Constanzo,
1992; Matsumoto and Hwang, 2011).
GENERAL EFFECTS OF NECT ON CEREBRAL ACTIVATION PATTERNS
In accordance with our expectations, NECT-specific alterations in
brain activity were observed in a distributed set of brain regions
including face- and voice-selective areas of the visual and audi-
tory cortex, the STS, inferior frontal cortex, insula and thalamus
which have all been demonstrated to be involved in the processing
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Table 3 | Brain areas with differential training (NECT) specific changes in their responses to emotional and neutral non-verbal cues from voice
and face.
x y z Z -score (peak voxel) Cluster size (voxel)
R inferior frontal gyrus, partes triangularis, orbitalis and opercularis 57 24 9 3.7 92
R middle frontal gyrus/ R precentral gyrus 45 9 42 3.5 56
L calcarine gyrus/ L precuneus −6 −48 6 3.4 41
R inferior and middle frontal gyri, partes orbitals 39 36 −9 3.3 45
L+R anterior cingulum/ L+R superior frontal gyrus, pars medialis 3 45 12 3.3 41
R+L middle cingulum/ R precuneus/ L posterior cingulum 6 −27 36 3.2 121
R+L thalamus 6 −18 15 3.2 53
Activations thresholded at p < 0.01, uncorrected with a cluster size k ≥ 40. Voxel size 3 × 3 × 3 mm3. Reported for descriptive purposes only.
FIGURE 3 | Brain regions with a NECT-specific association between
changes in behavioral ratings and cerebral responses (A,C).
p < 0.01 (A), p < 0.05 (B), uncorrected, k ≥ 20 voxels (A). Significant
positive association of changes in behavioral emotion-sensitivity
(T0[EMO − NEU] − T1[EMO − NEU]) and changes in cerebral responses
in the NECT group and a non-significant association in the SUDOKU
group in the right STS face area (A,B) and in the right FFA (C,D).
Voice-selective areas (blue) and face-selective areas (green),
p < 0.0001, uncorrected, p < 0.05 FWE whole-brain-corrected at
cluster level.
of audiovisual non-verbal emotional signals (for reviews see
Campanella and Belin, 2007; Brück et al., 2011b; Kreifelts et al.,
2013). Moreover, NECT induced altered activation patterns in
motor-related regions, the cerebellum and the parietal cortex. All
brain regions with NECT-specific activation alterations showed a
uniform pattern with decreased activation during the perception
and evaluation of non-verbal signals from voice and face which
fit in well with earlier reports of decreased cerebral activation
after procedural (Friston et al., 1992; Steele and Penhune, 2010)
and perceptual (Schiltz et al., 1999) learning. These decreases may
constitute a correlate of training-induced familiarization with the
evaluation of face/voice stimuli including less effortful perceptual
processing as well as a facilitation of stimulus-directed attention,
decision making and response selection. It is worth noting, that
the observed decreases in activation appear similar to the effect
of so called “repetition suppression,” a phenomenon occurring
after the repeated presentation of identical stimuli. Repetition
suppression effects presumably reflect bottom-up sharpening of
neural responses (Larsson and Smith, 2012) but also top-down
mediated perceptual expectations (Summerfield et al., 2008).
Although, in the present study, “simple” repetition suppression
can be ruled out as source of the observed effects due to the fact
that each stimulus was shown exactly twice during the course of
the study in both training groups, nevertheless NECT might tap
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Table 4 | Brain areas with training (NECT vs. SUDOKU) specific associations between training-induced changes in the behavioral sensitivity
to non-verbal emotional cues as measured by response times and the respective cerebral activation patterns (contrast of interest:
T0[EMO−NEU] − T1[EMO−NEU]).
x y z Z -score (peak voxel) Cluster size (voxel)
L superior temporal pole −39 9 −18 4.28 47*
Midbrain −3 −24 −9 4.25 24
R inferior frontal gyrus, partes opercularis and triangularis 36 9 24 3.95 49*
R inferior frontal gyrus, pars triangularis 48 27 27 3.77 20
Activations thresholded at p < 0.001, uncorrected, with a minimal cluster size of k ≥ 20 voxels. Activations with a cluster size k ≥ 46, correspond to a significance
level of p < 0.05, FWE corrected for multiple comparisons across the whole-brain and are marked with an asterisk. Voxel size 3 × 3 × 3 mm3.
FIGURE 4 | Brain regions with training (NECT vs. SUDOKU) specific
associations between changes in response times and cerebral
responses (A,B). p < 0.001 (A), p < 0.01 (B), uncorrected, k ≥ 20
voxels (A). A significant negative association of changes in behavioral
emotion-sensitivity (as measured by the response times contrast:
T0[EMO−NEU]−T1[EMO−NEU]; nota bene: due to generally longer
response times to neutral than to emotional cues a positive value of
this interaction terms corresponds to an increase in emotion-sensitivity)
and changes in cerebral responses in the SUDOKU group is reversed in
the NECT group (C); here exemplified based on extracted mean
contrast estimates from the whole-brain significant cluster in the right
inferior frontal gyrus. ∗p < 0.05.
into similar bottom-up and top-down neuronal tuning processes,
not via the repetition of identical stimuli but via similarities
between the tasks and stimuli of the training and during the fMRI
experiment.
Decreases of cerebral responses through NECT in healthy
individuals also stand in contrast to the observation of cerebral
activation increases observed in schizophrenic patients after an
emotion recognition training (Habel et al., 2010). Given the
paucity of data with regard to the neural correlates of such
non-verbal trainings, further studies are needed which directly
compare training effects in psychiatric populations and healthy
individuals as an active control condition to determine if there
are indeed fundamental differences in the neural correlates of
non-verbal emotional trainings between these groups.
With regard to differential NECT training effects for emo-
tional and neutral non-verbal signals, the results of our study were
negative: There was a non-significant tendency toward greater
absolute valence rating differences between emotional and neutral
stimuli after NECT at the behavioral level (see Figure 1) and
several brain areas in the right orbitofrontal cortex, right lat-
eral prefrontal cortex as well as areas in the anterior and middle
cingulate cortex extending into the precuneus where differen-
tial NECT training effects for emotional and neutral non-verbal
stimuli failed whole-brain significance. Two potential reasons for
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this negative finding should be considered: Firstly, the negative
finding might be due to a lack of power. This notion is sup-
ported by the suggestive correspondence between the behavioral
tendency toward a more sensitive discrimination of emotional
and neutral stimuli and sub-threshold cerebral activation patterns
occurring in brain areas previously associated with the evaluation
of emotional stimuli, mentalizing (i.e., inferences on the men-
tal states and intentions), and supramodal emotion processing
(Amodio and Frith, 2006; Brück et al., 2011b; Klasen et al., 2011,
2012).
A second reasonmight be that in the context of a valence rating
task “neutral” and “emotional” stimuli are processed similarly as
both types of stimuli are evaluated with respect to their emotional
valence. While offering a direct behavioral correlate of emotional
evaluation, this experimental context may have decreased activa-
tion differences for “emotional” and “neutral” stimuli relative to,
for example, an implicit emotion processing design with a gender
discrimination task as demonstrated in previous studies (Hariri
et al., 2000; Lange et al., 2003).
PERSONALITY-DEPENDENT NEURONAL EFFECTS OF NECT
The middle and posterior aspects of the right STG, and to a lesser
degree also the left STS and posterior thalamus/midbrain exhib-
ited a specific characteristic in that neuronal NECT effects here
were strongly and positively correlated with the personality trait
of neuroticism. In light of the known association between neu-
roticism and depression as well as anxiety disorders (Brandes and
Bienvenu, 2006; Klein et al., 2011) with high levels of neuroti-
cism in anxious and depressed patient samples, this association
may appear relevant for future studies with respect to the strength
of observable neuronal NECT effects in clinical samples of anx-
ious and depressed patients. Here, the present data set suggests
that the present experimental design may be even more sensitive
in detecting cerebral correlates of NECT in clinical groups with
strong neurotic personality traits.
NECT INDUCED CHANGES IN SENSITIVITY TO EMOTIONAL SIGNALS:
CORRELATIONS BETWEEN BEHAVIOR AND CEREBRAL ACTIVATION
For both, the valence rating correlate as well as the response
time correlate of changes in emotion sensitivity, corresponding
cerebral activation patterns were observed:
Valence ratings
Exclusively within the face-selective areas in the right pSTS and
the right fusiform gyrus a NECT-specific correlation between
changes in the behavioral sensitivity to non-verbal emotional
signals from voice and face and corresponding activation pat-
terns was observed. The degree to which individuals after NECT
perceived greater absolute valence differences between neutral
and emotional stimuli was correlated with an increase in cere-
bral sensitivity to emotional as compared to neutral non-verbal
stimuli. The exclusive observation of such associations in face-
selective cortices supports the hypothesis that sensory tuning
in the decoding of facial expressions lies at the neural basis
of NECT-induced behavioral alterations in sensitivity to non-
verbal emotional cues. It remains an open question if the lack
of such a correlation in the voice-selective sensory cortices is the
result of an innate preference of humans to base the evaluation
of social signals on visual stimulus components (e.g., DePaulo
et al., 1978), or if face-selective sensory cortices are more train-
ing sensitive in the plasticity of their neuronal responses than
voice-selective areas. Thirdly, despite the audiovisual nature of
NECT, a potential tendency of the participants toward the use
of visual non-verbal signals during NECT might explain the
observed patterns of association between behavioral data and
cerebral activation. Moreover, the observation of correlations
between emotion sensitivity and cerebral activation patterns both
in the STS-FA and FFA, justifies to very cautiously argue against
the view of a strict functional segregation of these two face-
processing modules (Haxby et al., 2000) where the FFA processes
invariant aspects of faces (e.g., gender or identity) and the STS-
FA processes dynamic aspects of faces (e.g., facial expressions
or gaze).
Finally, the largest cortical cluster with a correlation between
training induced increases in facial emotion recognition in
schizophrenic patients and corresponding increases in cerebral
responses (Habel et al., 2010) was observed in the pSTS in a
very similar location as the association between behavioral and
cerebral correlates of NECT. This points to the STS-FA as a cen-
tral cortical module linking behavioral and neuronal effects of
non-verbal emotional recognition and communication trainings.
Response times
For changes in the response time-based behavioral measure of
emotion sensitivity, neural activation correlates were revealed in
the left temporal pole, the right inferior frontal gyrus and mid-
brain/thalamus. While individually increased behavioral sensitiv-
ity to emotional cues was correlated with a decrease in cerebral
sensitivity to these cues in the SUDOKU group, NECT led to the
reversed pattern with parallel changes in behavioral and cerebral
correlates of emotion sensitivity.
Parallel to the association of valence rating changes and cere-
bral activation patterns, interpretations of the above findings in
a rather small study like the present one have to be phrased with
caution and need to be treated as preliminary.
The most striking feature of the analyses presented here is
that NECT induced a qualitative change in the association of
behavioral and cerebral correlates of emotion-sensitivity. This
finding points to the left temporal pole, the right inferior frontal
gyrus and the midbrain/thalamus as cerebral structures which
instantiate NECT-driven training effects as interfaces between the
evaluation of non-verbal signals and the selection of responses
to these signals. The assumption that the right inferior frontal
gyrus is implicated in this process is in line with findings that
the lateral prefrontal cortex is activated during the evaluation of
non-verbal emotional stimulus content (e.g., Schirmer and Kotz,
2006; Brück et al., 2011b; Ethofer et al., 2013) and structurally
connected to voice- and face-selective cortices, the face/voice inte-
gration region of the STS as well as the supplementary motor area
(Ethofer et al., 2013). Also, the temporal pole has been impli-
cated in emotion processing (Olson et al., 2007) and multimodal
integration of audiovisual emotional signal (Kreifelts et al., 2007)
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although its specific functional properties remain at least partially
unresolved. Olson et al. (2007) hypothesized that the tempo-
ral pole binds complex, perceptual inputs to visceral emotional
responses. Present results suggest an additional role of the tem-
poral pole in binding complex emotional percepts to voluntary
motor responses. As for the midbrain/thalamus cluster, a com-
parison with the activation coordinates of previous studies on
audiovisual integration and supramodal representation of emo-
tional signals (Kreifelts et al., 2007, 2010; Klasen et al., 2011)
supports the hypothesis that the location of this cluster overlaps
with a brain region in the posterior thalamus which has been
demonstrated not only to be involved in the audiovisual inte-
gration of emotional signals (Kreifelts et al., 2007, 2010; Klasen
et al., 2011) but also to exhibit a linear relationship of hemody-
namic with behavioral responses (i.e., emotion recognition rates;
Kreifelts et al., 2007).
NECT-INDUCED STRUCTURAL PLASTICITY
The increase in GM volume after NECT in the right FFA rep-
resents, to our knowledge, the first demonstration of specific
structural plasticity induced by a complex emotional communi-
cation training. These results fit in well with the growing body
of studies investigating the structural effects of various motor-
related trainings (Driemeyer et al., 2008; Taubert et al., 2010;
Granert et al., 2011) but also visual perceptual training (Ditye
et al., 2013). These concordantly indicate dynamic increases in
GM volume in areas functionally associated with the trained
tasks. Regarded from this perspective, the present structural find-
ings argue for a pivotal position of the right FFA within the
cerebral network exhibiting dynamic functional and structural
alterations as neuronal correlates of NECT. Nevertheless, one may
ask if the small size of the FFA as a functional cortical module does
not somewhat boost the sensitivity to detect even smaller effects.
LIMITATIONS AND PERSPECTIVES
A limitation on the implications of the present study is its small
sample size which allows only large (i.e., with regard to effect
size) effects of NECT to be discovered. Therefore, a training
study with a larger sample size may depict a more complex and
fine-grained pattern of cerebral alterations induced by NECT.
Nevertheless, the considerable strength of the observed effects
affords a first impression of NECT-induced functional and struc-
tural cerebral alterations and may serve as a good starting point
for future studies including larger samples of healthy individu-
als and patients with psychiatric conditions. A second important
point pertains specifically to the neurofunctional correlates of
NECT: In the present study these are inherently tied to the
cognitive context of a valence rating task. Depending on the
psychiatric conditions investigated in future studies, it would
be sensible to accommodate disorder-specific neuropsychologi-
cal and behavioral alterations in the processing of non-verbal
emotional signals within the experimental setup (i.e., both stim-
ulus material and task) in order to capture an optimized esti-
mate of disease-relevant behavioral alterations and their neuronal
correlates.
CONCLUSION
Here, we demonstrated in healthy participants, an association
of NECT-induced changes in brain function and structure with
changes in the evaluation of non-verbal emotional stimulus
content and neuroticism. Based on these findings we conclude
that the present experimental design may be a very valuable
neuroimaging probe not only for the investigation of the neu-
ral bases of altered processing of non-verbal emotional cues
in psychiatric disorders but also for the assessment of the
influence of therapeutic interventions on brain function and
structure.
ACKNOWLEDGMENTS
We would like to thank Hyeri Lee for developing the layout of the
non-verbal communication game. Furthermore, we acknowledge
support by the Deutsche Forschungsgemeinschaft and the Open
Access Publishing Fund of Tübingen University.
REFERENCES
Amodio, D. M., and Frith, C. D. (2006).
Meeting of minds: the medial
frontal cortex and social cognition.
Nat. Rev. Neurosci. 7, 268–277. doi:
10.1038/nrn1884
Andersson, J. L., Hutton, C.,
Ashburner, J., Turner, R., and
Friston, K. (2001). Modeling geo-
metric deformations in EPI time
series.Neuroimage 13, 903–919. doi:
10.1006/nimg.2001.0746
Belin, P., Zatorre, R. J., Lafaille, P.,
Ahad, P., and Pike, B. (2000). Voice-
selective areas in human auditory
cortex. Nature 403, 309–312. doi:
10.1038/35002078
Borkenau, P., and Ostendorf, F. (2008).
NEO-FFI NEO-Fünf-Faktoren-
Inventar Nach Costa und McCrae.
2. Neu Normierte und Vollständig
Überarbeitet Auflage. Göttingen:
Hogrefe.
Brandes, M., and Bienvenu, O. J.
(2006). Personality and anxiety dis-
orders. Curr. Psychiatry Rep. 8,
263–269. doi: 10.1007/s11920-006-
0061-8
Brück, C., Kreifelts, B., Kaza, E., Lotze,
M., and Wildgruber, D. (2011a).
Impact of personality on the
cerebral processing of emotional
prosody. Neuroimage 58, 259–268.
doi: 10.1016/j.neuroimage.2011.
06.005
Brück, C., Kreifelts, B., andWildgruber,
D. (2011b). Emotional voices in
context: a neurobiological model
of multimodal affective informa-
tion processing. Phys. Life Rev. 8,
383–403. doi: 10.1016/j.plrev.2011.
10.002
Campanella, S., and Belin, P. (2007).
Integrating face and voice in per-
son perception. Trends Cogn. Sci. 11,
535–543. doi: 10.1016/j.tics.2007.
10.001
Constanzo, M. (1992). Training stu-
dents to decode verbal and non-
verbal cues: effects on confidence
and performance. J. Educ. Psychol.
84, 308–313. doi: 10.1037/0022-
0663.84.3.308
Cremers, H. R., Demenescu, L. R.,
Aleman, A., Renken, R., Van Tol, M.
J., Van Der Wee, N. J., et al. (2010).
Neuroticism modulates amygdala-
prefrontal connectivity in response
to negative emotional facial expres-
sions. Neuroimage 49, 963–970. doi:
10.1016/j.neuroimage.2009.08.023
Dawel, A., O’Kearney, R., McKone,
E., and Palermo, R. (2012). Not
just fear and sadness: meta-
analytic evidence of pervasive
emotion recognition deficits
for facial and vocal expres-
sions in psychopathy. Neurosci.
Biobehav. Rev. 36, 2288–2304.
doi: 10.1016/j.neubiorev.2012.
08.006
Demenescu, L. R., Kortekaas, R., Den
Boer, J. A., and Aleman, A. (2010).
Impaired attribution of emotion
to facial expressions in anxiety
and major depression. PLoS ONE
5:e15058. doi: 10.1371/journal.
pone.0015058
DePaulo, B. M., Rosenthal, R.,
Eisenstat, R. A., Rogers, P. L., and
Finkelstein, S. (1978). Decoding
discrepant nonverbal cues. J. Pers.
Soc. Psychol. 36, 313–323. doi:
10.1037/0022-3514.36.3.313
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 648 | 12
Kreifelts et al. Non-verbal emotion communication training
Ditye, T., Kanai, R., Bahrami, B.,
Muggleton, N. G., Rees, G., and
Walsh, V. (2013). Rapid changes
in brain structure predict improve-
ments induced by perceptual learn-
ing. Neuroimage 81, 205–212. doi:
10.1016/j.neuroimage.2013.05.058
Domes, G., Schulze, L., and Herpertz,
S. C. (2009). Emotion recogni-
tion in borderline personality
disorder-a review of the litera-
ture. J. Pers. Disord. 23, 6–19. doi:
10.1521/pedi.2009.23.1.6
Draganski, B., Gaser, C., Busch, V.,
Schuierer, G., Bogdahn, U., and
May, A. (2004). Neuroplasticity:
changes in grey matter induced by
training. Nature 427, 311–312. doi:
10.1038/427311a
Driemeyer, J., Boyke, J., Gaser, C.,
Buchel, C., and May, A. (2008).
Changes in gray matter induced
by learning–revisited. PLoS ONE
3:e2669. doi: 10.1371/journal.pone.
0002669
Epstein, R., Harris, A., Stanley, D., and
Kanwisher, N. (1999). The parahip-
pocampal place area: recognition,
navigation, or encoding. Neuron
23, 115–125. doi: 10.1016/S0896-
6273(00)80758-8
Ethofer, T., Bretscher, J., Gschwind,
M., Kreifelts, B., Wildgruber,
D., and Vuilleumier, P. (2012).
Emotional voice areas: anatomic
location, functional properties, and
structural connections revealed by
combined fMRI/DTI. Cereb. Cortex
22, 191–200. doi: 10.1093/cercor/
bhr113
Ethofer, T., Bretscher, J., Wiethoff, S.,
Bisch, J., Schlipf, S., Wildgruber, D.,
et al. (2013). Functional responses
and structural connections of cor-
tical areas for processing faces and
voices in the superior temporal sul-
cus. Neuroimage 76C, 45–56. doi:
10.1016/j.neuroimage.2013.02.064
Friston, K. J., Frith, C. D., Passingham,
R. E., Liddle, P. F., and Frackowiak,
R. S. (1992). Motor practice and
neurophysiological adaptation in
the cerebellum: a positron tomog-
raphy study. Proc. Biol. Sci. 248,
223–228. doi: 10.1098/rspb.1992.
0065
Friston, K. J., Glaser, D. E., Henson,
R. N., Kiebel, S., Phillips, C., and
Ashburner, J. (2002). Classical
and Bayesian inference in
neuroimaging: applications.
Neuroimage 16, 484–512. doi:
10.1006/nimg.2002.1091
Funcke, A. (2006). Vorstellbar:
Methoden von Schauspielern und
Regisseuren für den ganz normalen
Trainer. Bonn: managerSeminare
Verlags GmbH.
Granert, O., Peller, M., Gaser, C.,
Groppa, S., Hallett, M., Knutzen,
A., et al. (2011). Manual activity
shapes structure and function
in contralateral human motor
hand area. Neuroimage 54,
32–41. doi: 10.1016/j.neuroimage.
2010.08.013
Habel, U., Koch, K., Kellermann, T.,
Reske, M., Frommann, N., Wolwer,
W., et al. (2010). Training of affect
recognition in schizophrenia:
neurobiological correlates. Soc.
Neurosci. 5, 92–104. doi: 10.1080/
17470910903170269
Hariri, A. R., Bookheimer, S. Y., and
Mazziotta, J. C. (2000). Modulating
emotional responses: effects of a
neocortical network on the lim-
bic system. Neuroreport 11, 43–48.
doi: 10.1097/00001756-200001170-
00009
Haxby, J. V., Hoffman, E. A., and
Gobbini, M. I. (2000). The dis-
tributed human neural system for
face perception. Trends Cogn. Sci.
4, 223–233. doi: 10.1016/S1364-
6613(00)01482-0
Jacob, H., Kreifelts, B., Brück, C.,
Nizielski, S., Schütz, A., and
Wildgruber, D. (2013). Nonverbal
signals speak up: association
between perceptual nonverbal dom-
inance and emotional intelligence.
Cogn. Emot. 27, 783–799. doi:
10.1080/02699931.2012.739999
Kanwisher, N., McDermott, J., and
Chun, M. M. (1997). The fusiform
face area: a module in human
extrastriate cortex specialized for
face perception. J. Neurosci. 17,
4302–4311.
Kehoe, E. G., Toomey, J. M., Balsters,
J. H., and Bokde, A. L. (2012).
Personality modulates the effects
of emotional arousal and valence
on brain activation. Soc. Cogn.
Affect. Neurosci. 7, 858–870. doi:
10.1093/scan/nsr059
Klasen, M., Kenworthy, C. A., Mathiak,
K. A., Kircher, T. T., and Mathiak,
K. (2011). Supramodal represen-
tation of emotions. J. Neurosci.
31, 13635–13643. doi: 10.1523/
JNEUROSCI.2833-11.2011
Klasen, M., Chen, Y. H., and Mathiak,
K. (2012). Multisensory emo-
tions: perception, combination
and underlying neural processes.
Rev. Neurosci. 23, 381–392. doi:
10.1515/revneuro-2012-0040
Klein, D. N., Kotov, R., and Bufferd, S.
J. (2011). Personality and depres-
sion: explanatory models and
review of the evidence. Annu.
Rev. Clin. Psychol. 7, 269–295.
doi: 10.1146/annurev-clinpsy-032
210-104540
Klinzing, H. G., and Jackson, I. (1987).
Training teachers in nonverbal sen-
sitivity and nonverbal behavior. Int.
J. Educ. Res. 11, 589–600. doi:
10.1016/0883-0355(87)90018-8
Kohler, C. G., Hoffman, L. J., Eastman,
L. B., Healey, K., and Moberg,
P. J. (2011). Facial emotion per-
ception in depression and bipo-
lar disorder: a quantitative review.
Psychiatry Res. 188, 303–309. doi:
10.1016/j.psychres.2011.04.019
Kohler, C. G., Walker, J. B., Martin, E.
A., Healey, K. M., and Moberg,
P. J. (2010). Facial emotion
perception in schizophrenia: a
meta-analytic review. Schizophr.
Bull. 36, 1009–1019. doi: 10.1093/
schbul/sbn192
Kreifelts, B., Ethofer, T., Grodd,
W., Erb, M., and Wildgruber, D.
(2007). Audiovisual integration
of emotional signals in voice and
face: an event-related fMRI study.
Neuroimage 37, 1445–1456. doi:
10.1016/j.neuroimage.2007.06.020
Kreifelts, B., Ethofer, T., Huberle, E.,
Grodd, W., and Wildgruber, D.
(2010). Association of trait emo-
tional intelligence and individual
fMRI-activation patterns during the
perception of social signals from
voice and face. Hum. Brain Mapp.
31, 979–991. doi: 10.1002/hbm.
20913
Kreifelts, B., Ethofer, T., Shiozawa, T.,
Grodd, W., and Wildgruber, D.
(2009). Cerebral representation of
non-verbal emotional perception:
fMRI reveals audiovisual integra-
tion area between voice- and face-
sensitive regions in the superior
temporal sulcus. Neuropsychologia
47, 3059–3066. doi: 10.1016/j.neuro
psychologia.2009.07.001
Kreifelts, B., Wildgruber, D., and
Ethofer, T. (2013). “Audiovisual
integration of emotional infor-
mation from voice and face,”
in Integrating Face and Voice in
Person Perception, eds P. Belin,
S. Campanella, and T. Ethofer
(New York; Heidelberg; Dordrecht;
London: Springer), 225–252.
Kurtz, M. M., and Richardson, C.
L. (2012). Social cognitive training
for schizophrenia: a meta-analytic
investigation of controlled research.
Schizophr. Bull. 38, 1092–1104. doi:
10.1093/schbul/sbr036
Lange, K., Williams, L. M., Young, A.
W., Bullmore, E. T., Brammer, M.
J., Williams, S. C., et al. (2003).
Task instructions modulate neu-
ral responses to fearful facial
expressions. Biol. Psychiatry 53,
226–232. doi: 10.1016/S0006-
3223(02)01455-5
Larsson, J., and Smith, A. T. (2012).
fMRI repetition suppression: neu-
ronal adaptation or stimulus expec-
tation. Cereb. Cortex 22, 567–576.
doi: 10.1093/cercor/bhr119
Matsumoto, D., and Hwang, H. S.
(2011). Evidence for training the
ability to read microexpressions of
emotion. Motiv. Emot. 35, 181–191.
doi: 10.1007/s11031-011-9212-2
Oldfield, R. C. (1971). The assessment
and analysis of handedness: the
Edinburgh inventory. Neuropsycho-
logia 9, 97–113. doi: 10.1016/0028-
3932(71)90067-4
Olson, I. R., Plotzker, A., and Ezzyat,
Y. (2007). The Enigmatic tem-
poral pole: a review of findings
on social and emotional process-
ing. Brain 130, 1718–1731. doi:
10.1093/brain/awm052
Posamentier, M. T., and Abdi, H.
(2003). Processing faces and facial
expressions. Neuropsychol. Rev. 13,
113–143. doi: 10.1023/A:102551971
2569
Pourtois, G., De Gelder, B., Bol, A.,
and Crommelinck, M. (2005).
Perception of facial expressions and
voices and of their combination
in the human brain. Cortex 41,
49–59. doi: 10.1016/S0010-9452
(08)70177-1
Robins, D. L., Hunyadi, E., and
Schultz, R. T. (2009). Superior
temporal activation in response to
dynamic audio-visual emotional
cues. Brain Cogn. 69, 269–278. doi:
10.1016/j.bandc.2008.08.007
Rossa, W. (2009). Sudoku für die
Ferien: 400 Zahlenrätsel von leicht
bis schwer. München: Goldmann
Verlag.
Samame, C., Martino, D. J., and
Strejilevich, S. A. (2012). Social cog-
nition in euthymic bipolar disorder:
systematic review and meta-analytic
approach. Acta Psychiatr. Scand.
125, 266–280. doi: 10.1111/j.1600-
0447.2011.01808.x
Schiltz, C., Bodart, J. M., Dubois, S.,
Dejardin, S., Michel, C., Roucoux,
A., et al. (1999). Neuronal mech-
anisms of perceptual learning:
changes in human brain activity
with training in orientation dis-
crimination. Neuroimage 9, 46–62.
doi: 10.1006/nimg.1998.0394
Schirmer, A., and Kotz, S. A. (2006).
Beyond the right hemisphere: brain
mechanisms mediating vocal emo-
tional processing. Trends Cogn. Sci.
10, 24–30. doi: 10.1016/j.tics.2005.
11.009
Steele, C. J., and Penhune, V. B. (2010).
Specific increases within global
decreases: a functional magnetic
resonance imaging investigation of
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 648 | 13
Kreifelts et al. Non-verbal emotion communication training
five days of motor sequence learn-
ing. J. Neurosci. 30, 8332–8341. doi:
10.1523/JNEUROSCI.5569-09.2010
Stein, M. B., Simmons, A. N., Feinstein,
J. S., and Paulus, M. P. (2007).
Increased amygdala and insula acti-
vation during emotion process-
ing in anxiety-prone subjects. Am.
J. Psychiatry 164, 318–327. doi:
10.1176/appi.ajp.164.2.318
Summerfield, C., Trittschuh, E. H.,
Monti, J. M., Mesulam, M. M., and
Egner, T. (2008). Neural repetition
suppression reflects fulfilled percep-
tual expectations. Nat. Neurosci. 11,
1004–1006. doi: 10.1038/nn.2163
Suslow, T., Kugel, H., Reber, H., Bauer,
J., Dannlowski, U., Kersting, A.,
et al. (2010). Automatic brain
response to facial emotion as
a function of implicitly and
explicitly measured extraversion.
Neuroscience 167, 111–123. doi:
10.1016/j.neuroscience.2010.01.038
Taubert, M., Lohmann, G., Margulies,
D. S., Villringer, A., and Ragert,
P. (2010). Long-term effects
of motor training on resting-
state networks and underlying
brain structure. Neuroimage 57,
1492–1498. doi: 10.1016/j.neuro
image.2011.05.078
Tzourio-Mazoyer, N., Landeau, B.,
Papathanassiou, D., Crivello, F.,
Etard, O., Delcroix, N., et al. (2002).
Automated anatomical labeling of
activations in SPM using a macro-
scopic anatomical parcellation
of the MNI MRI single-subject
brain. Neuroimage 15, 273–289. doi:
10.1006/nimg.2001.0978
Wildgruber, D., Ackermann, H.,
Kreifelts, B., and Ethofer, T. (2006).
Cerebral processing of linguistic
and emotional prosody: fMRI
studies. Prog. Brain Res. 156,
249–268. doi: 10.1016/S0079-6123
(06)56013-3
Worsley, K., Marrett, S., Neelin, P.,
Vandal, A. C., Friston, K. J., and
Evans, A. (1996). A unified sta-
tistical approach for determining
significant signals in images of
cerebral activation. Hum. Brain
Mapp. 4, 74–90.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 01 June 2013; accepted: 18
September 2013; published online: 17
October 2013.
Citation: Kreifelts B, Jacob H, Brück C,
Erb M, Ethofer T and Wildgruber D
(2013) Non-verbal emotion communi-
cation training induces specific changes
in brain function and structure. Front.
Hum. Neurosci. 7:648. doi: 10.3389/
fnhum.2013.00648
This article was submitted to the journal
Frontiers in Human Neuroscience.
Copyright © 2013 Kreifelts, Jacob,
Brück, Erb, Ethofer and Wildgruber.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) or licensor are cred-
ited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use, dis-
tribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 648 | 14
